Abstract-Apolipoprotein E (ApoE) is an important lipid carrier in both the periphery and the brain. The ApoE e4 allele (ApoE4) is the single most important genetic risk-factor for Alzheimer's disease (AD) while the e2 allele (ApoE2) is associated with a lower risk of AD-related neurodegeneration compared to the most common variant, e3 (ApoE3). ApoE genotype affects a variety of neural circuits; however, the olfactory system appears to provide early biomarkers of ApoE genotype effects. Here, we directly compared olfactory behavior and olfactory system physiology across all three ApoE genotypes in 6-month-and 12-month-old mice with targeted replacement for the human ApoE2, ApoE3, or ApoE4 genes. Odor investigation and habituation were assessed, along with, olfactory bulb and piriform cortical local field potential activity. The results demonstrate that while initial odor investigation was unaffected by ApoE genotype, odor habituation was impaired in E4 relative to E2 mice, with E3 mice intermediate in function. There was also significant deterioration of odor habituation from 6 to 12 months of age regardless of the ApoE genotype. Olfactory system excitability and odor responsiveness were similarly determined by ApoE genotype, with an ApoE4 > ApoE3 > ApoE2 excitability ranking. Although motivated behavior is influenced by many processes, hyper-excitability of ApoE4 mice may contribute to impaired odor habituation, while hypo-excitability of ApoE2 mice may contribute to its protective effects. Given that these ApoE mice do not have AD pathology, our results demonstrate how ApoE affects the olfactory system at early stages, prior to the development of AD.
INTRODUCTION
Apolipoprotein E (ApoE) is the primary carrier of cholesterol within the brain, and ApoE genotype is an important determinant of an individual's risk for developing Alzheimer's disease (AD) (Corder et al., 1993; Farrer et al., 1997; Bu, 2009; Liu et al., 2013) . Three alleles of ApoE occur in humans: e2 (cys112, cys158; $6% of the ApoE alleles in the population), e3 (cys112, arg158; the most abundant allele at $80%), and e4 (arg112, arg158; $14%) (Mahley, 1988; Mahley and Rall, 2000) . ApoE4, in a dose-dependent manner, is the single most important genetic risk-factor for AD (Corder et al., 1993; Farrer et al., 1997; Bu, 2009; Liu et al., 2013) . ApoE3 is viewed as the neutral allele in terms of neurodegenerative risk (Corder et al., 1993; Mahley and Rall, 2000; Liu et al., 2013) (and most closely resembles murine ApoE (Raffai et al., 2001) ). ApoE2 is associated with a lower risk of AD-related neurodegeneration (Corder et al., 1994; Liu et al., 2013) , delayed age of onset of AD, and a greater likelihood of survival to advanced age compared to the ApoE3 and ApoE4 alleles [reviewed in (Suri et al., 2013) ]. In addition to AD, there is increasing evidence that ApoE is involved in several other disorders, with ApoE4 often exerting a deleterious and ApoE2 a protective effect; while not all studies have found a difference between ApoE2 and ApoE3 carriers [reviewed in (Suri et al., 2013) ], both ApoE4 and ApoE2 appear to be associated with hemorrhagic and ischemic cerebrovascular disease [reviewed in (Liu et al., 2013; Suri et al., 2013; Lopez et al., 2014) ], with a high risk of argyrophilic grain disease and frontotemporal dementia [reviewed in (Suri et al., 2013)] . ApoE2 also appears to confer an increased incidence and severity of posttraumatic stress disorder (PTSD) (Freeman et al., 2005; Kim et al., 2013; Johnson et al., 2015) . While the effects of ApoE4 have been extensively studied, the inconsistencies among a small number of studies regarding the effect of ApoE2 may in part be due to challenges related to its low frequency allele.
While ApoE genotype may affect a myriad of neural circuits and functions, the olfactory system and olfactory perception appear to be a unique and early biomarker of ApoE genotype. In humans, ApoE4 carriers show early emergence of olfactory dysfunction (Price et al., 1991; Bacon et al., 1998; Mesholam et al., 1998; Murphy et al., 1998; Graves et al., 1999; Gilbert and Murphy, 2004; Josefsson et al., 2017; Peng et al., 2017) , show impaired odor identification Olofsson et al., 2010 Olofsson et al., , 2016 , and modified olfactory related evoked potentials (Kowalewski and Murphy, 2012; Morgan and Murphy, 2012) prior to other forms of cognitive impairment, including AD impairment associated with amyloid b and tau pathology. In mice, ApoE4 impairs short-term odor memory and induces olfactory system hyperexcitability including in the olfactory bulb (OB) and piriform cortex (PCX) (Peng et al., 2017) as well as the lateral entorhinal cortex (Nuriel et al., 2017) The olfactory system is suitable for assessing links between cell biology, circuit function and behavior given its relatively simple circuitry and the availability of reliable, robust behavioral assays in both humans and non-human animals. ApoE is important for neuroregeneration of the rodent olfactory system (Nathan et al., 2005) , and ApoE knock-out mice show impaired olfactory detection (Nathan et al., 2004) . This olfactory dysfunction is associated with neurophysiological (Mesholam et al., 1998; Corby et al., 2012; Kowalewski and Murphy, 2012; Peng et al., 2017) , structural (Tanaka et al., 1998; Hashimoto et al., 2001 ) and cellular changes (Tsuboi et al., 2003; Nathan et al., 2005; Hussain et al., 2013) in olfactory regions of the brain. Understanding how ApoE isoforms may influence olfactory system function and perception would provide important insights into ApoE4 as a major risk factor for olfactory and cognitive decline.
Here, we directly compared olfactory behavior and olfactory system physiology across all three ApoE genotypes in mice that are homozygous for human ApoE2, ApoE3, or ApoE4. We hypothesized a genotype-dependent gradient in odor habituation and olfactory system excitability, such that, for example, ApoE4 mice would display hyper-excitability and impaired behavioral habituation, and ApoE2 mice hypoexcitability and increased behavioral habituation, relative to ApoE3 mice. The results were in line with our hypotheses and they extend previous work (Peng et al., 2017) .
EXPERIMENTAL PROCEDURES Study approval
All animal procedures were performed in accordance with the Nathan S. Kline Institute (NKI) for Psychiatric Research Institutional Animal Care Committee's approval.
Mice
Mice used in this experiment were homozygous for human ApoE2, ApoE3, and ApoE4 genes on a C57BL/6 background which are from long-standing colonies at NKI. These targeted-replacement mice express human ApoE under the control of the endogenous murine promoter (Sullivan et al., 1997) , which allows for the expression of human ApoE at physiologically regulated levels in the same temporal and spatial pattern as endogenous murine ApoE. The native mouse ApoE protein has structural similarities to human ApoE4, but functional similarities to human ApoE3 (Raffai et al., 2001 ). Thus, a direct comparison between human and mouse ApoE genotypes would be, at best, difficult to interpret. A total of 40 mice were used for the habituation component of this study (6-month, ApoE2 = 9; 6-month, ApoE3 = 6; 6-month, ApoE4 = 6; 12-month, ApoE2 = 6, 12-month ApoE3 = 9; 12-month, ApoE4 = 4). A total of 46 mice were used for the electrophysiology component of this study (6-month ApoE2 = 6; 6-month ApoE3 = 13; 6-month ApoE4 = 10; 12-month ApoE2 = 6, 12-month ApoE3 = 6; 12-month, ApoE4 = 5).
Odor habituation
To investigate for simple behavioral odor memory deficits, mice were screened using an odor habituation test. Prior to behavioral assessment (24-48 h), mice were singlehoused in new home cages with fresh corncob bedding. Test odors (2-heptanone, isoamyl acetate, (+) enantiomer of limonene, and ethyl valerate; Sigma Aldrich, St. Louis, MO, USA) were diluted in mineral oil to a concentration of 100 ppm. The dilution was then applied to a cotton-tipped applicator that was subsequently enclosed in a piece of odorless plastic tubing. The tubing allowed for volatile odor delivery while preventing the liquid from coming in direct contact with either the chamber or animal. Each trial consisted of a 20-s odor presentation (inserting the applicator into a port on the side of the animal's home cage) followed by a 30-s intertrial interval with four presentations of a single odor in each block. Each odor was presented four times and odor sequence was the same for all mice. The duration of time spent investigating, defined as snout-oriented sniffing within 1 cm of the odor presentation port, was recorded by a single observer blind to animal genotype. Data were averaged across odors to provide a single odor habituation curve for each mouse. All testing took place during the light portion of the animals' 12-h dark/light cycle over two daily sessions and food-bins and water bottles were removed from cages immediately prior to testing.
In vivo electrophysiology
Mice were given i.p. injections of urethane (1.25 g/kg) and then placed in a stereotaxic apparatus. Incisions were made down the midline of the scalp to expose the skull and ipsilateral holes were drilled above the OB and anterior piriform cortex (aPCX). Monopolar tungsten recording electrodes were placed in both the OB and aPCX. Electrical stimulation of the OB was used to confirm electrode placement in the aPCX using evoked responses. Local field potentials (LFPs) were amplified (200Â), band-pass filtered (0.3 Hz-3 kHz), and digitized (1 kHz) for analyses.
Once the electrodes were placed, a series of odors (isoamyl acetate, ethyl valerate, 1,7-octadiene, 2-heptenone (Sigma Aldrich, St. Louis, MO, USA), and peppermint extract; (McCormick, Sparks, MD, USA)) were presented through a flow-dilution olfactometer by a computer-controlled pinch valve at a rate of 0.1 liter per minute to a constant 1 liter per minute flow of compressed air. Odors were presented for 2 s with at least 60 s between odor presentations and odor-evoked LFPs were assessed throughout. Each odor was presented four times per mouse in pseudorandom order.
Data analysis
For behavioral odor habituation, the amount of time spent investigating the odor was normalized to the investigation time on trial 1 per animal for each odor with trial 1 investigation time assigned a value of 1. Differences in age and genotype were analyzed using univariate ANOVAs. Post hoc comparisons were made using onetailed independent samples t-tests.
For LFP data, Spike2 software (Cambridge Electronic Design Ltd., Cambridge, England) was used to record both spontaneous and odor-evoked activity. The twosecond period immediately preceding odor presentation was used to assess spontaneous LFPs whereas the two-second period immediately following odor onset was used to assess odor-evoked LFPs. LFPs were analyzed using an off-line Fast-Fourier transform (FFT) examining three different frequency bands: theta (5-15 Hz), beta (15-40 Hz), and gamma (40-80 Hz). Analyses were made by calculating the average odor-evoked response for each individual odor (four trials per odor per mouse) and subsequently averaging each odor together into an overall set of odor-evoked responses resulting in a single odor-evoked response metric for each mouse. This analysis allows identification of stable trait responses to odors and avoids noise due to minor variations in electrode placement, variation in stimulus presentation, and variation in individual mouse responsiveness to specific odors. Odor-evoked and spontaneous LFPs were analyzed by age and genotype using repeated-measures ANOVAs and one-tailed ttests, using SPSS 20 software. Heterogeneity of variances was assessed by Mauchly's test and alpha levels were adjusted when appropriate.
RESULTS

Olfactory behavior
Independent of age or genotype, mice readily investigated novel odors presented to their homecage, suggesting no difference in behavioral odor responsiveness. As shown in Fig. 1, there was no age (F (1,34) = 0.001, p = 0.97) or genotype (F (2,34) = 1.3, p = 0.3) difference in the amount of time spent investigating the initial presentation of a novel odor.
In contrast, odor habituation was significantly affected by genotype (Fig. 2) . For habituation, the analysis strategy was informed by prior results from an identical experimental protocol (Peng et al., 2017) , where results indicated that while habituation was notable following the initial exposure, inspection times were similar on trials 2-4. As habituation effects were not expected to interact further with ApoE genotype or age among trials 2-4, and as single-trial data from individual habituation trials are affected by noise, data from trials 2-4 were collapsed to obtain a robust habituation index for each animal (i.e. mean odor inspection time on trials 2-4 as a proportion of inspection time on trial 1; larger values indicate less habituation). Behavioral data were submitted to a univariate ANOVA where ApoE genotype (three levels: ApoE 2, 3 and 4) and Age (two levels: 6 months and 12 months) were included as fixed factors, and the habituation index constituted the dependent variable.
Results indicated main effects of ApoE genotype (F (2,40) = 3.6, p = 0.039) and Age (F (1,40) = 4.3, p = 0.046). Based on the directional a priori hypothesis that there would be a rank order difference between ApoE2, 3, 4 (e.g., Fig. 2 ; (Huang et al., 2017) ), additional onetailed post hoc analyses collapsed across age indicated that ApoE2 mice showed more habituation than ApoE4 mice (p = 0.02), with ApoE3 mice showing habituation values that were nominally in between the ApoE2 (p = 0.07) and ApoE4 (p = 0.13) groups, but neither trend reached statistical significance threshold. The effect of age was due to older mice showing less habituation than younger mice, again consistent with our prediction (Fig. 1 ). There was no interaction effect between ApoE and Age (F (2,40) = 0.3, p = 0.7), indicating that age affected olfactory behavior independent of ApoE.
Olfactory system physiology LFP data underwent FFT, which was subsequently divided into theta, beta, and gamma frequency bands for statistical analysis. LFP data were submitted to a repeated measures ANOVA with frequency band (three levels: theta, beta, and gamma) and brain region (two levels: OB and PCX) as within-subject variables, age (two levels: 6 months and 12 months) and ApoE genotype (three levels: ApoE 2, 3 and 4) as betweensubject variables, and odor-evoked response magnitude as the dependent variable.
The ANOVA revealed a main effect of frequency band (F (2,80) = 7.1, p = 0.007), a main effect of genotype (F (2,40) = 4.2, p = 0.02), as well as a frequency band by genotype interaction (F (4,80) = 3.5, p = 0.031). However, there was no main effect of age (F (2,40) = 0.012, p = 0.913), indicating similar brain responses across age groups. As is clear from the FFT data (Fig. 3) , the largest odor-evoked effect was an enhancement in beta band (15-40 Hz) activity. Thus, a subsequent omnibus repeated measures ANOVA was performed analyzing the odor-evoked response magnitudes specifically in the beta band revealing a significant main effect of genotype (F (2,40) = 4.2, p = 0.02). No effects of genotype were observed in the other frequency bands, indicating the ApoE by frequency band interaction effect was driven by the beta band.
Based on the directional a priori hypothesis that there would be a rank order difference between ApoE 2, 3, 4 (e.g., Fig. 2 ; (Huang et al., 2017) ) subsequent one-tailed independent samples t-tests were performed to compare the effects of ApoE genotype on odor-evoked activity in both the OB and the PCX, collapsed across age (Fig. 4) . As previously reported (Peng et al., 2017) , ApoE4 mice showed exaggerated odor-evoked response magnitudes relative to ApoE2 in both the OB (t (25) = À2.1, p = 0.03) as well as the PCX (t (25) = À2.6, p = 0.01). Exaggerated responses in ApoE4 relative to ApoE3 were also shown in the PCX (t (32) = À2.10, p = 0.03) and a similar trend was observed in OB (t (32) = À1.6, p = 0.07). In contrast, ApoE2 mice were shown to have significantly lower odor-evoked response magnitudes than ApoE3 mice in both OB (t (29) = À2.6, p = 0.008) and PCX (t (29) = À3.1, p = 0.002).
DISCUSSION
Despite olfaction emerging as a system of importance to study the behavioral and physiological effects of ApoE, research remains limited. The present results demonstrate that while the initial tendency of mice to investigate novel odors is unaffected by ApoE genotype, odor habituation is impaired in E4 relative to E2 mice, with E3 mice presenting an intermediate functional level. Memory impairment in this simple task emerges in E4 mice by 6 months, as previously reported (Peng et al., 2017) . The E2 allele appears to improve habituation memory relative to E4 and, although not significant in our sample, relative to E3 mice, consistent with a protective effect of the E2 allele. Odor habituation deteriorated as the animals aged from 6 months to 12 months, regardless of genotype. Similarly, while E4 mice showed olfactory system hyper-excitability relative to E3 mice, E2 Fig. 2 . Odor habituation was impaired in ApoE4 mice compared to ApoE2 mice, with ApoE3 mice performing intermediately. (A) Habituation in 6-month-old mice, normalized to investigation on the first trial (ApoE2 n = 9, ApoE3 n = 6, ApoE4 n = 6). (B) Habituation in 12-month-old mice, normalized to investigation on the first trial (ApoE n = 6, ApoE3 n = 9, ApoE4 n = 4). (C) Direct comparison of age and genotype effects on odor habituation (average over trials 2-4). Histograms are mean ± s.e.m. All individual data for each group are also plotted. Older mice showed less habituation than younger mice (left panel, p = 0.04). ApoE4 mice showed less habituation compared to ApoE2 (right panel, p = 0.02) while ApoE3 mice performed nominally, but not significantly, in-between ApoE2 and ApoE4 (right panel). mice displayed hypo-excitability relative to both E4 and E3 mice. As with the odor habituation behavioral effect, these effects were observed by 6 months. Together, these results demonstrate a pronounced, ApoE genotype-dependent regulation of olfactory system physiology and behavior that might suggest an explanation for the known ApoE effects on human olfaction.
Precisely how ApoE genotype leads to modified olfactory system function in humans and non-human animals is not known. The observed hyper-excitability induced by ApoE4 could be mediated by a variety of effects, including subtle shifts in excitation/inhibition balance, impaired synaptic homeostasis, synaptic strength, and synaptic connectivity, but also excitotoxicity and epileptogenesis in extreme cases. Using a well-characterized mouse model of human APOE isoform expression that does not develop amyloid plaques or neurofibrillary tangles (Sullivan et al., 1997 (Sullivan et al., , 2004 , we were able to demonstrate that ApoE4 expression directly causes olfactory system abnormality. Fig. 3 . Representative recording of odor-evoked activity in the olfactory bulb and piriform cortex of ApoE mice (A). The 2-s odor presentation is represented by the black bar with contemporaneous LFP recordings from the entire 0-100-Hz spectrum as well as restricted to only the beta band . Pseudocolor spectrograms show the temporal structure of LFP power in which dark blue is low and yellow is high. FFT analyses of odor-evoked activity (difference from spontaneous activity) in the olfactory bulb (B, D) and piriform cortex (C, E) of 6 and 12-month-old mice in each genotype. The inset in panel B is at a modified scale to highlight that while the odor evoked activity in ApoE2 mice is small relative to the other genotypes, there is a reliable evoked activity.
The genotype-dependent effect, that is independent of AD-associated pathology, is a potential major contributor to human cognitive decline during aging (Haan et al., 1999; Verghese et al., 2011; Mahley and Huang, 2012; Zlokovic, 2013) . Further evidence for this link comes from studies in which the lack of brain b-amyloid deposits is confirmed by in vivo neuroimaging, yet individuals with an ApoE4 allele show greater cognitive impairment over time than age-and other risk-matched non-ApoE4 individuals (Sullivan et al., 1997 (Sullivan et al., , 2004 Haan et al., 1999; Verghese et al., 2011; Villemagne et al., 2011; Andrews et al., 2013; Liu et al., 2013; Reinvang et al., 2013; Zlokovic, 2013) . Our findings thus fit well with recent behavioral results suggesting that APOE4-associated odor identification decline starts already in the 5th decade of life, likely before AD-associated pathology emerges (Josefsson et al., 2017) .
Additionally, hyper-excitability of neural networks is also induced by amyloid b deposition in both the hippocampal formation (Palop and Mucke, 2016) and the olfactory system (Wesson et al., 2011; Xu et al., 2015) . The hyper-excitability observed in human amyloid b precursor protein transgenic mice is associated with inhibitory interneuron dysfunction (Sun et al., 2009; Verret et al., 2012) , as is the ApoE4 induced hyperexcitability (Nuriel et al., 2017) . Preventing or reversing this amyloid b -induced hyper-excitability can restore cognitive (Sanchez et al., 2012; Verret et al., 2012) and olfactory (Wesson et al., 2011; Cramer et al., 2012) function. Epileptic activity has also been observed in ApoE4 mice (Hunter et al., 2012) , and increased risk reported in ApoE4 humans (Palop and Mucke, 2016) . Importantly, we show here that the ApoE2 allele, which can have protective effects against AD and other aging related pathologies (Corder et al., 1994; Liu et al., 2013; Suri et al., 2013) , induces hypo-excitability in the olfactory system. Thus, if the hyper-excitability induced by ApoE4 and amyloid b is causative for their associated cognitive impairments, the hypo-excitability induced by ApoE2 may contribute to its protective effects. Further work is ongoing to explore mechanism of protective effects of the ApoE2. As noted in the methods, the WT mouse ApoE allele is not identical to any human allele (Raffai et al., 2001) . Ergo, comparison of WT mouse ApoE alleles with human ApoE alleles is worthy of a future, separate study.
It is not clear why the olfactory system appears particularly sensitive to ApoE genotype effects. For example, human ApoE4 carriers can demonstrate odor identification impairment in the absence of other detectable cognitive impairments (Olofsson et al., 2010) . The olfactory epithelium and OB both display robust, life-long neurogenesis, which may make them susceptible to ApoE effects given ApoE's role in olfactory nerve regeneration (Nathan et al., 2005) . However, ApoE4-related olfactory deficits are most often observed in odor identification tasks. Pathology of the epithelium or OB might be more likely to result in problems of odor detection or discrimination, which are often intact in ApoE4 humans and mice. Rather, ApoE-related olfactory impairments may reflect more central circuit dysfunction, either in olfactory cortical processing of odor perceptual objects (Gottfried, 2010; Wilson and Sullivan, 2011) , or in the transmission of that information to other circuits critical for translating odor information into cognitive representations that are critical for identification (Olofsson et al., 2014) . The observed sensitivity of olfactory perception to ApoE genotype is similar to the early appearance of olfactory deficits observed in early stages of mild cognitive impairment leading to AD (Devanand et al., 2000 (Devanand et al., , 2008 Fischer et al., 2016) , though mechanisms are not known in either case.
In summary, we show that the excitability of the olfactory system is regulated by ApoE genotype, with an ApoE4 > ApoE3 > ApoE2 excitability ranking. The hyper-excitability of the olfactory system in ApoE4 mice is associated with impairment of odor habituation memory ability, while the corresponding hypo-excitability observed in ApoE2 mice may be linked to its protective effects. Our results in mice show that behavioral and physiological olfactory effects of ApoE genotype manifest without AD amyloid b or tau pathology, consistent with the sensitivity of the olfactory pathway in humans to show ApoE genotype-dependent effects to manifest early vulnerability in AD. Fig. 4 . Odor-evoked activity in the beta frequency band was significantly ApoE genotype dependent, with an ApoE4 > ApoE3 > ApoE2 excitability relationship. In the OB, ApoE2 mice showed lower odor-evoked responses than both ApoE3 (p = 0.008) and ApoE4 (p = 0.03), but ApoE3 were only nominally different from ApoE4. In the PCX, ApoE2 mice showed lower odor-evoked responses than both ApoE3 (p = 0.002) and ApoE4 (p = 0.01), and ApoE3 mice showed lower responses than ApoE4 (p = 0.03). Histograms are mean ± s.e.m. All individual data for each group are also plotted.
